The nuclear recoil effect on the g factor of the ground state of highly charged B-like ions is studied to first order in the electron-to-nucleus mass ratio m/M . The leading one-electron and two-electron recoil contributions are calculated nonperturbatively in the parameter αZ within the rigorous QED formalism. The interelectronicinteraction correction to the nuclear recoil effect is evaluated in the Breit approximation by means of perturbation theory to the first order in 1/Z. The higher-order interelectronic-interaction corrections are taken into account partially by performing the calculations with the effective screening potential. The results obtained represent the most accurate up-to-date treatment of the nuclear recoil effect on the g factor of highly charged B-like ions in the range Z = 20-92.
I. INTRODUCTION
The last two decades have seen a combination of intensive theoretical and experimental investigations of the g factor of highly charged ions which delivered the stringent tests of bound-state quantum electrodynamics (QED) in the presence of external magnetic field (see, e.g., Refs. [1, 2] and references therein). For instance, the comparison between the experimental data [3] [4] [5] [6] [7] and the theoretical predictions (see Ref. [8] and references therein) for H-like ions has yielded the most accurate value of the electron mass [7] . Investigations of Li-like ions have provided an access to the many-electron QED effects on the g factor [9] [10] [11] . Moreover, one may expect that the forthcoming experiments with highly charged ions will bring an independent determination of the fine-structure constant [12] [13] [14] .
However, the impending studies aim not only at more accurate determination of fundamental constants but also at probing bound-state QED in a conceptually different regime where the nucleus can no longer be considered as a mere source of the strong Coulomb field. As the nucleus has a finite mass, one should take into account the corresponding recoil effect, which requires more sophisticated theoretical methods beyond the usual Furry picture be developed. In this regard, in the recent study [15] , it was shown that the nontrivial QED contribution to the nuclear recoil effect on the g factor can be experimentally examined at strong-coupling regime in the so-called specific difference of the groundstate g-factor values of heavy H-like and Li-like ions of the same isotope. Recent measurement of the g-factor isotope shift in Li-like calcium [16] has demonstrated the feasibility of the experimental investigations of this kind. Evaluation of the nuclear recoil effect within the most advanced methods available to date has improved the agreement between theory and experiment for Li-like calcium and provided the most accurate theoretical predictions for Li-like ions in the range Z = 10-92 [17, 18] .
The present study is focused on the nuclear recoil effect on the ground-state g factor of B-like ions. In contrast to s states of, e.g., H-and Li-like ions, for p states this effect possesses a nonzero nonrelativistic limit and is generally more pronounced. Nevertheless, the theoretical uncertainty of the recoil contribution in the case of B-like ions is still much larger than that for H-like and Li-like systems due to the lack of relativistic calculations. The interest to these theoretical studies is also maintained by the g-factor measurements in B-like ions anticipated in the near future. Presently implemented ARTEMIS experiment at GSI [19, 20] and ALPHATRAP experiment at the Max-Planck-Institut für Kernphysik (MPIK) [1] are expected to attain the accuracy of 10 −9 and better for the g factors of medium and heavy few-electron ions, including B-like ones. Recent calculations of the correlation and QED effects resulted in the theoretical predictions with the accuracy up to 10 −6 [21] [22] [23] [24] [25] [26] , which demands detailed study of the nuclear recoil effect as well. This motivates us to carry out systematic QED calculations in order to obtain the most accurate up to date values of the nuclear recoil contribution to the ground-state g factor of B-like ions.
In our previous study [27] , we evaluated this contribution to first order in the electron-to-nucleus mass ratio m/M within the lowest-order relativistic (Breit) approximation for light B-like ions (Z = 10-20) taking into account the first-order corrections due to the electron-electron interaction effects. In the present investigation, we extend our studies to B-like ions in the range Z = 20-92 and carry out the first evaluation of the nontrivial QED part of the recoil effect to all orders in αZ. The influence of the correlation effects is also treated within the Breit approximation to the first order of perturbation theory.
The higher-order interelectronic-interaction corrections are taken into account approximately by means of the effective potential. Relativistic units ( = 1, c = 1) and Heaviside charge unit [α = e 2 /(4π), e < 0] are employed throughout the paper.
II. THEORETICAL METHODS
Our theoretical description is based on the independent-electron approximation with the Dirac
Hamiltonian for the spherically symmetric binding potential V (r),
We assume the external magnetic field to be directed along the z axis, H = He z , and describe it by the classical vector potential of the form A cl (r) = [H × r]/2 and the corresponding contribution −eα · A cl (r) = µ 0 Hm [r × α] z to the Dirac Hamiltonian, where µ 0 = −e/2m is the Bohr magneton.
According to Refs. [28] [29] [30] , in the case of one electron in the |a state over closed shells, the nuclear recoil correction to the g factor can be evaluated to zeroth order in 1/Z as
where m a is the angular momentum projection of the a state, p k = −i∇ k is the momentum operator,
, and
is the transverse part of the photon propagator in the Coulomb gauge. We also imply here and below the summation over the repeated indices. The tilde sign indicates that the corresponding quantities (the wave function |ã , the energyε a , and the Dirac-Coulomb Green's functionG(ω)) are to be determined in the presence of magnetic field. The Dirac-Coulomb Green's function readsG(ω) = ñ |ñ ñ|[ω − ε n + iη(ε n −ε F )] −1 , whereε F is the Fermi energy and η → 0. As noted in Ref. [28] , one can partially take into account the nuclear size correction to the recoil effect on the g factor by using the extendednucleus potential V nucl (r) as V (r) in h D . Moreover, one can replace V nucl (r) with the effective potential V eff (r) = V nucl (r) + V scr (r) which includes some local screening potential V scr (r). This allows one to partially take into account the interelectronic-interaction effects.
Expression (2) incorporates both one-and two-electron nuclear recoil contributions. The oneelectron part ∆g (1el) is represented as a sum of the low-order and higher-order terms, ∆g
H . The former completely includes the contributions of orders (αZ) 0 and (αZ) 2 and can be derived from the relativistic Breit equation,
where
In the case of a point-like nucleus, this contribution can be evaluated analytically [28] :
where κ is the relativistic angular quantum number of the a state, j is its total angular momentum, and ε a is the Dirac energy with the rest mass included. To leading orders in αZ, for 2p 1/2 state it yields
In the case of a general binding potential, e.g., extended-nucleus potential V nucl (r) or the effective screening potential V eff (r), the low-order term is to be evaluated numerically according to Eq. (4).
The higher-order contribution ∆g
to the one-electron part can only be derived within the rigorous QED approach beyond the Breit approximation. This contribution, referred to as the one-electron QED recoil term, reads [28] ∆g
is either the potential of the nucleus V nucl (r) or the effective potential V eff (r) (see the discussion above),
The two-electron part of Eq. (2) valid to all orders in αZ reads as follows [24] :
the summation runs over all of the 1s and 2s closed-shell electronic states |c . It should be noted that in Li-like ions this contribution vanishes completely [17, 18] . In what follows, we will also represent this contribution as a sum of the low-order (Breit) and the higher-order parts, ∆g (2el) = ∆g In order to take into account the interelectronic-interaction effect on the nuclear recoil correction to the g factor within the Breit approximation, it is convenient to represent the low-order parts, ∆g
L , as the contributions of the following operators [17] :
The contribution of H magn M is given by the average value,
Here |A is the many-electron wave function of the state of interest. This part contains the nonrelativistic limit of the nuclear recoil effect derived by Phillips [31] . Therefore, it dominates for low and middle values of Z except for the s states where this limit yields zero. The operator (10) describes the nuclear recoil effect on the binding energies in the absence of external field [32] . The corresponding contribution to the g factor is given by the second-order term of the perturbation theory,
where the operator H magn = µ 0 Hm j [r j × α j ] z describes the interaction with the magnetic field. The summation in Eq. (12) runs over the complete spectrum of the many-electron states |N constructed from the Dirac wave functions, including the one-electron negative-energy excitations. The prime here and below indicates that the terms with E N = E A are excluded from the summation. The superscripts (0) indicate that these terms are of zeroth order with respect to the interelectronic interaction. In the case of one electron over the closed shells, e.g., for B-like ions, Eqs. (11) and (12) together yield the same result as Eq. (4) and the low-order part of Eq. (8),
The influence of the electron-electron interaction on the nuclear recoil contribution to the g factor is considered with the use of the Dirac-Coulomb-Breit Hamiltonian,
where the Coulomb-Breit operator H int represents the interelectronic interaction,
and Λ + is the positive-energy-states projection operator, constructed as the product of the one-electron projectors. If the Dirac Hamiltonian h D includes the screening potential, the corresponding counterterm
To the first order of the perturbation theory in H int , the magnetic part (11) of the nuclear recoil contribution to the g factor acquires the following correction:
where the plus sign over the sum indicates that the intermediate |N states are constructed only from the positive-energy one-electron Dirac wave functions. This correction completely takes into account the first-order term in 1/Z and can partially incorporate the higher-order terms due to employing the effective screening potential. The first-order correction to the nonmagnetic part (12) can be written in the following form
where the tilde sign indicates that the wave functions |Ã , |Ñ and the energiesẼ A ,Ẽ N are evaluated in the presence of the magnetic field H, similarly to Eq. (2). In this case, the positive-energy-states projector Λ + also corresponds to the Dirac equation in the presence of magnetic field. Derivatives of Λ + with respect to the magnetic field give rise to the necessary contribution of the negative energy states [33, 34] . Equation (17) can be rewritten in the explicit form involving the matrix elements of H magn .
However, since this form is rather cumbersome, it is not presented here.
III. RESULTS AND DISCUSSION
In this section, we present the results of our evaluation of the contributions to the nuclear recoil effect according to Eqs. (4), (7), (8), (16) , and (17). We perform the necessary angular integrations analytically and calculate the radial parts and sum over the intermediate states numerically. To this end, we use the finite-basis sets constructed from B splines [35, 36] within the dual-kinetic-balance approach [37] . The Fermi model is employed to describe the nuclear charge distribution, and the nuclear charge radii are taken from Ref. [38] . Performing the calculations with an effective potential allows one to take into account the higher-order interelectronic-interaction effects only partly. In order to have a reliable estimation of the higher-order contributions, we carry out the evaluation of the nuclear recoil effect on the g factor of B-like ions with several different types of the effective potential. In particular, we employ the core-Hartree (CH), Perdew-Zunger (PZ) [39] , Kohn-Sham (KS) [40] , and local Dirac-Fock (LDF) [41] potentials (see also, e.g., Ref. [42] ).
The low-order contributions to the g factor of B-like ions to zeroth order in 1/Z are conveniently represented via the function A(αZ),
In Table I we display the one-electron low-order part ∆g shown in the first column, the other columns present the data obtained with four types of the effective screening potential.
The two-electron nuclear recoil contribution to the g factor of B-like ions in the zeroth order in 1/Z is presented in Table II part amounts to about 0.01% of the total two-electron contribution, it reaches 11% at Z = 92.
The higher-order one-electron contribution is expressed in terms of the function P (αZ) defined
We note that for s states this contribution possesses the (αZ) 5 behavior [17, 43] in contrast to the general (αZ) 3 behavior for states with l = 0. The numerical results for the function P (αZ) for 2p 1/2 state are presented in Table III to the nuclear recoil effect strongly increases with Z. Next, we turn to the first-order (in 1/Z) interelectronic-interaction correction to the nuclear recoil effect on the g factor, evaluated as a sum of Eqs. (16) and (17),
nonmagn .
The results are presented in Table IV in terms of the function B(αZ), Despite a substantial discrepancy among the individual terms computed with different screening potentials, the complete Breit-approximation value, which is a sum of the low-order contributions from Tables I, II, The total nuclear recoil correction to the g factor is given by the sum of the contributions discussed above. We group them into the low-order (Breit) and higher-order (QED) parts,
∆g QED = ∆g
Here the sum of the higher-order one-and two-electron contributions is referred to as the QED part. In Table VI we present ∆g Breit , ∆g QED , and ∆g rec in terms of the mass-ratio-independent function F (αZ) 
According to the definitions (22)- (24), the Breit part incorporates the values given in Tables I, II (rows   L) , and IV, while the QED contribution comes from Tables III and II (rows H) . We have employed the values calculated with the LDF potential as the final results. There are several origins of the indicated uncertainties. First, we estimate the uncertainty due to the finite-nuclear-size effect which cannot be taken into account exactly just by considering the potential for the extended nuclei. The reason for this is that the nuclear recoil operators employed were derived for the case of a point-like nucleus. The estimates were made assuming that the relative uncertainly due to the approximate treatment of the nuclear size correction is equal to the relative value of the corresponding effect for the binding energies evaluated within the Breit approximation in Ref. [44] . Second, we take into account the uncertainty due to the incomplete treatment of the correlation effects which can be estimated as the spread of the values obtained with different screening potentials. However, for the two-electron contributions the uncalculated terms are probably underestimated in this way, see the related discussion in Ref. [27] .
Therefore, for the Breit part, we calculated this uncertainty as ∆g The results obtained demonstrate that the higher-order (QED) part of the nuclear recoil correction to the g factor of B-like ions becomes significant for high values of Z. Further improvement of the theoretical accuracy requires calculations of the second and higher-order terms in the 1/Z expansion for the Breit part and the 1/Z correction to the QED part. These problems will be the subject of our future investigations.
IV. CONCLUSION
In the present study we conducted a numerical analysis of the nuclear recoil effect on the ground- 
